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Abstract: This paper describes a novel solar-assisted HVAC system developed for the Team
UOW ‘Illawarra Flame’ Solar Decathlon house, the winner of the Solar Decathlon China
2013 competition. This HVAC system consists of an air-based Photovoltaic-Thermal (PVT)
collector and a Phase Change Material (PCM) thermal storage unit integrated with a reverse
cycle heat pump, in a ducted system. The system was designed for operation during both
winter and summer using daytime solar radiation and night-time sky radiative cooling,
respectively. The PVT collector heats or cools fresh air from ambient and thereby provides
heating or cooling either directly to the indoor space, or to the PCM storage unit. The heat
stored in the PCM can be used later to condition the space or precondition the air entering the
Air Handling Unit. Analytical models for the PVT collector and PCM unit were developed in
order to be easily implemented into a practical Building Management System (BMS).
Experimental studies on the PVT collector and PCM unit were carried out and the data was
used to validate the effectiveness of the models. It is shown that there is a good agreement
between the model simulation results and experimental test data. A simple optimisation
methodology of the operating modes that involve these components is also presented.
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1.

Introduction
Every year only approximately 1 to 2 percent of the Australian residential building stock

is replaced by or added to by new buildings [1]. Many of the houses built in Australia after
the Second World War were timber-framed houses, clad in fibre-cement and were hence
colloquially named ‘fibro’ houses. These buildings typically have little or no thermal
insulation and generally exhibit poor thermal performance and low energy efficiency. Under
the auspices of the University of Wollongong (UOW) Sustainable Buildings Research Centre
(SBRC) a student/staff team (Team UOW) was formed with the members drawn from both
the University of Wollongong and TAFE (Technical and Further Education) NSW (New
South Wales) Illawarra Institute. Team UOW set out to be the first team in the history of
Solar Decathlon competitions to demonstrate how to effectively upgrade and retrofit an
existing building rather than designing a new building from scratch. This approach proved to
be extremely successful and Team UOW subsequently won the Solar Decathlon China 2013
competition with the highest overall score in the history of Solar Decathlon competitions,
which have run in the USA, Europe and China since 2002. Team UOW decided to develop a
retrofitting strategy to demonstrate how to improve the level of thermal comfort and overall
sustainability performance of a ‘fibro’ home through the development and application of
different retrofit technologies. One of the key targets was to achieve net-zero energy
consumption in that the grid-connected building was to generate more renewable energy onsite than that it imports from the grid over the course of a year. To achieve this target, it is
first necessary to reduce the energy demand of the building through the implementation of
effective passive retrofitting initiatives, such as upgrading the envelope, glazing and shading
systems, using natural ventilation, etc. followed retrofitting and application of advanced
active systems.

The development and implementation of an innovative HVAC system incorporating
advanced sustainable energy technologies was a desired outcome of the project. Solar
photovoltaic-thermal (PVT) collectors were seen as a promising technology that was
receiving wide attention. Cooling of the PV modules by the heat transfer fluid flowing
through the PVT collector then leads to an increase in the electrical efficiency of the PV
panels as compared to a conventional PV system which has higher PV cell operating
temperatures. At the same time, heat transferred to or from the fluid may be used for space
heating or cooling, thereby resulting in an increase in the overall energy collection and
conversion efficiencies of the system.
Phase change materials (PCMs) generally have a high energy storage density and the
capability to store thermal energy at a relatively constant temperature, which has been
recognized as a sustainable and environmentally friendly technology to reduce building
energy consumption and improve indoor thermal comfort [2, 3]. Coupling PCMs with solar
collectors may provide an alternative to attempting to increase the efficiency of traditional
HVAC systems. Such integrated systems have been investigated since the 1970s and studies
have been performed on the evaluation of the performance of air heaters coupled with PCM
thermal storage units [4], determination of the thermal properties of the PCMs used [5] and
sizing of the thermal storage units [6]. More recent bibliographic studies have shown that
PCM thermal storage systems are a widely investigated technology and a rapidly developing
research area [7, 8]. PCMs have been studied over the past years in both passive and active
systems [2, 3] and a number of research groups have investigated PVT systems coupled with
ventilated slabs for energy storage [9, 10]. Studies on the effectiveness of PVT collectors
during daytime heating and night-time radiative cooling have been undertaken, for both
water-based and air-based systems [10-12].

This paper focusses on the development and modelling of an innovative solar PVTassisted Heating, Ventilation and Air Conditioning (HVAC) system integrated with a PCM
thermal energy storage unit. The main objective of the work described herein was to develop
theoretical models which can accurately predict the heat transfer rates in an air-based PVT
collector and a PCM thermal storage unit, the mechanical losses in both components, and the
electrical output from the PVT collector. The model has a relatively simple structure with a
low computational overhead and so that it can be easily implemented into the optimization
strategies of commercial Building Management Systems (BMSs).

2.

Development of the Innovative HVAC System
The Team UOW ‘Illawarra Flame’ Solar Decathlon house and a schematic of the HVAC

developed in this project are shown in Figures 1 and 2, respectively. The HVAC system
consisted of an air-based PVT collector (shown on the left hand side of the roof in Figure 1),
a PCM thermal energy storage unit, and a standard reverse cycle air-conditioning system,
using a ducted air distribution system and dampers to regulate the airflow within the system.

Figure 1: Team UOW ‘Illawarra Flame’ Solar Decathlon house located at the
University of Wollongong Innovation Campus.

The use of air in the PVT collector as a working fluid was chosen to facilitate retrofitting
of an existing house, with features including low maintenance requirements and the ability to
integrate with conventional ducted air-conditioning systems. The PVT collector was
fabricated from flexible thin-film CIGS PV panels glued to a metal flashing fixed across the
‘valleys’ of the roof sheeting. Air could therefore flow through the air duct between the PV
panels/flashing and the roof sheeting to exchange heat with the panels.
The diurnal phase of the thermal energy generated from the PVT collector has a
significant offset as compared to thermal demand of the building, for Sydney weather
conditions. For this reason an active thermal storage unit was included, and a PCM has been
selected as the preferred storage material. A number of types of PCMs were available on the
market, each with different thermal properties and phase change temperatures, and for the
present system a salt hydrate mixture with a phase change temperature of 22˚C was selected,
supplied in plastic containers. To ensure the system always meet the energy demand of the
house and maintain good indoor thermal comfort, a standard reverse cycle air-conditioning
system with an outdoor condensing unit and an indoor air handling unit (AHU) was
integrated into the system.

Figure 2: Schematic of the solar-assisted HVAC system where the symbols represent the
following: S/A supply air, O/A outside air, R/A return air, E/A exhaust air, F fan and D
damper, respectively

The system was controlled by a residential control system with a programmable logic
controller. This paper focuses mainly on the development and validation of the analytical
models of the PVT collector and the PCM thermal storage unit and the utilisation of these
models for the optimisation of the various operating modes of the HVAC system.
There are a total of five operating modes, including three conditioning modes and two
PVT modes, in this HVAC system, which will be controlled through the BMS system
specifically designed for this project.
Conditioning modes
Figure 3 presents the different operating modes that the system can operate based on the
indoor and outdoor measured conditions. Depending on the indoor conditions, the system can
either work in natural ventilation mode through automatically controlling the opening of high
level windows, or work in forced mechanical heating and cooling mode.

a)

b)

Figure 3: Illustration of a) HVAC system conditioning modes and b) HVAC system PVT
modes.
In the mechanical heating and cooling mode, the system can operate in three different
sub-modes, as illustrated in Figure 3a.
1. Direct Photovoltaic-Thermal Supply. If the generation of heating during daytime or
cooling during night time (night sky radiative cooling) occurs at the same time as the

demand, then heated air/cooled air from the PVT system is directed into the house
until the demand is matched. If the demand is higher than the energy extracted from
the PVT system, the AHU will cover the remaining heating/cooling requirement.
2. Supply Air Preconditioned Through Phase Change Material. In this case, if thermal
energy is available in the PCM store the mixture of return air and fresh air will be
preconditioned by the PCM store, increasing or decreasing the supply air temperature.
If the demand is higher than the energy extracted from the PCM storage unit, the
AHU will cover the remaining heating/cooling requirement.
3. Normal Heating and Cooling Mode. If there are no PVT thermal generation and no
thermal energy stored in the PCM, the AHU will supply the heating or the cooling
required.
PVT modes
If no interfering operating mode is activated, the system can operate in two other modes,
as shown in Figure 3b.
1. PCM Charging. If there are no demand from the house, and the PCM unit is not fully
charged as well as it is convenient to charge it, the PVT system will charge the PCM
unit.
2. PVT Exhaust. In case the increase in electrical generation of the solar panels due to
their temperature decrease is higher than the energy used by the fan, the air can be
drawn underneath the PV panels and exhausted directly to ambient.

3.

Analytical Model of the PVT Collector
The PVT collector studied in this paper consisted of a number of thin-film PV panels

mounted on a steel sheet ‘flashing’, which was fixed to the top of an existing sheet metal roof
profile. This system created a cavity beneath the steel flashing through which the working

fluid (i.e. air) can flow through and exchange heat with the PV panel, as shown schematically
in Figure 4.

a) Day time generation

b) Night time generation
Figure 4: Overview of the PVT collector geometry as implemented on the Illawarra
Flame Solar Decathlon House.

The utilisation mode of the PVT collector generally depends on the demand of the house.
For instance, when heating is required in winter daytimes, the incoming solar radiation
generates electricity through the PV modules. Part of the radiation is reflected/reradiated, part
is lost to ambient via convection and the remainder is transferred to the heat transfer fluid
(Figure 4a). The air mass flow rate is the key parameter that allows the Building Management
System to control the air temperature at the outlet of the PVT collector and also the quantity
of heat extracted from the PV modules.
Under Sydney summer conditions the house would mainly require cooling. In this case
the PVT will generate cooling during the night time, whereby the solar panels extract heat

from the air flowing through the PVT collector by emitting radiation to the sky if the sky is at
a lower temperature than the panels (See Figure 4b).
So as to maximise the use of available roof space for PV electrical generation during the
Solar Decathlon China 2013 competition, the PVT collector was designed so as to draw air
from both the north and south elevations of the pitched roof and the two air streams then
mixed in a plenum at the apex of the roof as shown in Figure 5.

Figure 5: Photovoltaic thermal (PVT) collectors implemented on the roof of the
Illawarra Flame Solar Decathlon house.

To optimize the system and calculate the optimal airflow rate, it is necessary to accurately
model the heat transfer into the air channels below the PV modules, the mechanical losses in
the system, and the electrical benefit of reducing the temperature of the PV panels.
3.1 Thermal model
An analytical steady state model was developed to describe the thermal behaviour of the
PVT collector. This model can be used for both design optimisation and control optimisation
purposes. The key assumptions used in developing this quasi-steady state model were that: a)

the transients involved in heating or cooling of the system are relatively short compared to
the time constants elsewhere in the building and HVAC system; and b) that the conduction
resistance through the upper and lower walls of the air duct are negligible in comparison to
the other convection, conduction and radiation thermal resistances. These assumptions can be
justified by the fact that the thin metal flashing and the thin film solar panels have relatively
low thermal mass and thermal resistance (our experimental results indicated that the thermal
time constant of the PVT collectors was less than five minutes).
Taking an energy balance on a short, stream-wise control volume in the PVT collector air
duct, an analytical solution for the thermal performance of the collector may be derived; the
thermal resistance network for heat flow at a given cross-section of the PVT collector/duct is
illustrated in Figure 6.

Figure 6: Thermal resistance network model of the heat exchange at a given crosssection of the PVT collector.

The energy balance on the upper and lower surfaces of the PV panel, the energy balance
on the air flowing into and out of the control volume, and the heat balance on the lower
surface of the duct may be described by (3.1), (3.2) and (3.3), respectively.
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(3.3)

Where ܸሶ is the volumetric air flow rate, ρ and cp are the density and specific heat capacity
of the air, TPVT is the local air temperature in the PVT channel, Ttop and Tbot are the
temperatures of the top and bottom plates of the PVT channel, ݄ത and ݄ത் are the average
heat transfer coefficients on the bottom and top inside surfaces of the channel, respectively,
Uint is the overall heat transfer coefficient between the bottom plate of the PVT channel and
indoor environment, Uext is the overall convective heat transfer coefficient between the top
plate of the PVT channel and ambient, hr1 is the radiative heat transfer coefficient between the
outside surface of the PV panel and the sky, hr2 is the radiative heat transfer coefficient
between the duct top and bottom surfaces, x and w are the length and the width of the
channel, respectively, Tsky is the temperature of the sky and Tspace is the interior building
temperature. Combining (3.1) and (3.3), the top and bottom surface temperatures of the PVT
duct can be determined from (3.4) and (3.5), respectively.
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ሺ

ܶ௧ ൌ
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(3.5)
It is then possible to recast ܶ௧ and ܶୠ୭୲ as follows:
ܶ୲୭୮ ൌ ܶͳܥ்  ʹܥ

(3.6)

ܶୠ୭୲ ൌ ܶ͵ܥ்  ܥͶ

(3.7)

where, C1, C2, C3 and C4 are coefficients and defined as follows:
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Combining (3.11) and (3.2) we then derive:
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(3.12)

Equation (3.12) is a first order, nonhomogeneous, linear differential equation with
constant coefficients, of the form expressed in (3.13) with the general solution of (3.14).
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From (3.12) we can then derive (3.15):
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The solution of which is:
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(3.18)

The convective heat transfer coefficient on the upper/outside surface of the PVT is
dependent on the local wind speed (Vw) and is calculated from the correlation (3.19) by
considering both the natural and forced convection components through the following
relationship [12], in which the forced convection heat transfer coefficient ݄௩ǡௗ is
determined by Equation (3.20) [17].
యǤఱ

ܷ௫௧ ൌ ට݄௩ǡௗ ଷǤହ  ݄௩ǡ௧௨ ଷǤହ

(3.19)

݄௩ǡௗ ൌ ʹǤͺ  ͵ǤͲ ݏݓ כ

(3.20)

The natural convection coefficient on the upper surface of the PVT is calculated
according to the relationships of ASHRAE 2009 Fundamentals Handbook correlations for
natural convection on a horizontal plate [15].
The internal convective heat transfer coefficient (݄ത ) within the duct is dependent on the
Reynolds number, which is different for laminar flow and turbulent flow. The heat transfer
coefficient of the top half of the PVT channel (݄ത் ) also includes the thermal resistance of
the PV panels:
݄ത் ൌ

ଵ

(3.21)
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In this model, when the Reynolds number is lower than 2000, Equation (3.22) is used to
calculate the Nusselt number. Otherwise, the Dittus-Boelter relationship for turbulent flow as
shown in Equation (3.23) is used.
ܰݑ ൌ ǤͷͶͳሺͳ െ ʹǤͳ ܴܣ ͶǤͻ ܴܣଶ െ ͷǤͳͳͻ ܴܣଷ  ʹǤͲʹ ܴܣସ െ ͲǤͷͶͺ ܴܣହ ሻ

(3.22)
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(3.23)

where,  ܴܣis the aspect ratio (height/width) of the channel, Pr is the Prandtl number of air
and ݊ is equal to 0.4 when the airflow is heated and 0.3 when the airflow is cooled.
The parameters needed to calculate the instantaneous intensity of solar radiation
impinging on a tilted surface are summarised in Table 1.
Table 1 Values and governing equations used to determine the values of major parameters.
Parameters

Values and governing equations used

Albedo

0.2

Hour Angle

߱ ൌ ʹߨሺ ݊ݐݏെ ͳʹሻ ή ͳͷȀ͵Ͳ

Declination

݀ ൌ ʹ͵ǤͶͷ ή ݊݅ݏሺ͵Ͳ ή ሺʹͺͶ  ݀ݕሻȀ͵ͷሻ ή ʹߨȀ͵Ͳ

The angle ߠ between the normal

 ߠ ൌ  ݀  ߮  ߚ െ  ߜ  ߮  ߚ  ߛ 

to the inclined plane and the

 ߜ  ߮  ߚ  ߱   ߜ  ߮  ߚ  ߛ  ߱ 

beam radiation

 ߜ  ߚ  ߛ  ߱

ሺଵାୡ୭ୱ ఉሻ
The radiation on an inclined ܩ
 ͲǤʹሺ ݎ݄ܩ
ௗ ൌ  ߠ  ݎ݊ܦ
ଶ

surface

ݎ݄ܦሻሺͳ െ  ߚሻ Ȁʹ

In cases where only site data for global horizontal radiation is available, the horizontal
surface radiation measurement can be used to estimate the diffuse and beam components. The
coefficient Rb is used to define the ratio of beam radiation on the tilted surface to that on a
horizontal surface.
ܴ ൌ

ୡ୭ୱ ఏ
ୡ୭ୱ ఏ

(3.24)

where, ߠ௭ is the angle ߠ calculated for a horizontal surface as follows.
 ߠ௭ ൌ  ߮  ߜ  ߱   ߮  ߜ

(3.25)

The ratio between the diffused and beam radiation is calculated using the Orgill and
Hollands correlation [17].
The effective emissivity of the solar panels may be calculated using empirical or semiempirical correlations available in the literature [12, 16]. Most of which are valid only for
clear sky conditions [16], and while factors to take into account of cloudy conditions may be
added [18]. The temperature of the sky in this study was calculated using the relationship for
night-time clear sky radiation provided by Duffie and Beckman, as follows [17]:
ܶ௦௬ ൌ ܶ  כሺͲǤͳͳ  ͲǤͲͲͷܶௗ  ͲǤͲͲͲͲ͵ሺܶௗ ଶ ሻ  ͲǤͲͳ͵ܿݏሺͳͷݐሻሻଵȀସ

(3.26)

Where the units for ܶ௦௬ ܽ݊݀ܶ are Kelvin, for ܶௗ degrees Celcius, and t is the time of
day in hours.
Cloudiness has an effect on the incident radiation which can be expressed by the factor C
as shown in Equation (3.27) [18, 19] and the effective emissivity of the sky is given by
(3.28).

 ܥൌ ሺͳ  ͲǤͲͲʹʹͶ݊  ͲǤͲͲ͵ͷ݊ଶ  ͲǤͲͲͲʹͺ݊ଷ )

(3.27)

ߝ௦௬ǡ௨ௗ௬ ൌ ߝܥ௦௬ǡ

(3.28)

The linearized radiation heat transfer coefficient between the sky and the PV panels is
defined as (3.29). Using the same methodology the radiation coefficient between the top plate
and bottom plate of the PVT channel is derived as Equation (3.30).
݄ଵ ൌ ߙߪሺܶ௧ ଶ  ܶ௦௬ ଶ ሻሺܶ௧  ܶ௦௬ ሻ

(3.29)

݄ଶ ൌ ߙߪሺܶ௧ ଶ  ܶ௧ ଶ ሻሺܶ௧  ܶ௧ ሻ

(3.30)

where, σis the Boltzmann constant,ߙ is the absorptivity of the metal flashing, ܶ௦௬ is the sky
temperature, and ܶ௧ is the temperature of the top plate of the PVT channel, which is
calculated iteratively.
3.2

Airflow model
To optimize the airflow rate through a PVT collector it is necessary to take into account

the fan power required to circulate the air through the PVT and ductwork system. Firstly, the
air velocity through the PVT channels, and other ductwork, and the associated pressure drops
need to be calculated. To calculate these parameters an equivalent hydraulic resistance
network was analysed (Figure 7).

V1

H1

H2

V2

V…

H…

Figure 7: Air flow resistance network showing flow elements/resistances for flow
branches connected to the air collection manifold. V1, V2, etc. represent PVT ducts
and H1, H2, etc. represent manifold sections.

This analysis was important in choosing the optimal number and size of the PVT channels
and in optimising the geometry of the manifold, since a uniform air flow velocity through the
PVT channels is important to maximise the overall efficiency.
One of the assumptions made in this model is that, since the channels are uniformly
distributed across the intake manifold, the flows will be symmetrical, and it is therefore
necessary to model only one half of the system. Major and minor losses are calculated for
each of the sections of the network by first assuming the flow in the first channel it is then
possible to calculate the pressure at the manifold point where the second channel is connected
and therefore calculate the flow in the second channel. Repeating the process the pressure
drop of the whole network for a given airflow rate, and the flow distribution across the
network can be obtained. The pressure-airflow curve for this particular system can then be
determined. Since both sides of the roof are equal and symmetrical, the curve of just one side
can be generated, assuming that each side of the PVT has half of the total airflow rate. The
power necessary to ideally circulate the air through the system can then be calculated by
Equation (3.31).

ܲௗ ൌ ο ή ܸሶ

(3.31)

where ο is the total pressure drop and ܸሶ is the total airflow rate.
With a cubic interpolation of Equation (3.32), a relationship that can be used later for
optimization purposes that can include the overall efficiency of the fan.
ܲǡ௦ ൌ ܲௗ Ȁߟ ൌ ߛ் ሶ ଷ

(3. 32)

The pressure-airflow rate curve calculated for the Solar Decathlon house PVT system is
shown in Figure 8.
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Figure 8: Pressure-airflow characteristic of the ‘Illawarra Flame’ Solar Decathlon
house PVT collector.

3.3

PV electrical efficiency
Drawing air underneath the solar panels has the benefit of reducing the panel temperature

as described by [19] and a reduction in the temperature of the solar panels increases their
electrical conversion efficiency. This benefit can be quantified using the temperature
coefficient of the solar panels, β. Using the thermal model developed for the air stream,
presented in section 3.1, the temperature profile of the top sheet of the PVT collector (ܶ௧ )
can be calculated. The efficiency is therefore given by Equation (3.33).
ߟ ൌ ߟି ή ቀͳ െ ߚ ή ൫ܶ௧ െ ʹͷ൯ቁ

(3.33)

where ߟି is the efficiency under standard test conditions.

4.

Analytical Model of the PCM Thermal Storage Unit
The PCM thermal storage unit in the Solar Decathlon house was designed to exchange

heat between the PCM and the air. The practical PCM thermal storage unit consisted of 120
PlusIce™ salt hydrate PCM ‘bricks’[13], with a nominal phase change temperature of 22˚C,
placed in twenty rows of six so as to create channels for the air to flow through. The channels
were 3m long and the latent heat capacity of the whole unit was 20 kWh, sufficient for
approximately two days of heating or cooling demand of the house.
4.1 Thermal Model
A number of assumptions were applied so as to facilitate derivation of an analytical
solution to reduce the computational load of the controller. These assumptions were:
-

The temperature of the PCM is uniform along the entire length of the heat exchanger at
any given time (lumped mass approximation);

-

The PCM material changes phase at a specific temperature (with no temperature ‘glide’);

-

The material encapsulating the PCM brick has the same thermal conductivity as that of
the PCM material per se. Note that in the Solar Decathlon house thermal store, the
encapsulation was made of High-density polyethylene (HDPE) which had a very similar
thermal conductivity to that of the PCM.
Given the assumptions above the air temperature as a function of distance along each

channel is given by:
ഥ ೣ
ು

ܶெǡ ൌ ܶ െ ൫ܶ െ ܶெǡ

൬ି
൰
൯݁ ೇሶήഐή

(4.1)

where TPCM,m is the average temperature of the air at a distance x along the channel, Tpcm is
the surface temperature of the channel (assumed equal to the PCM temperature), TPCM,o is the

inlet air temperature, P is the perimeter of the channel, ݄ത is the average internal convective
heat transfer coefficient.
Similarly, the outlet temperature at the length l can be determined by Equation (4.2).
ഥ 
ು

ܶெǡ ൌ ܶ െ ቀܶ െ ൫ܶ െ ܶெǡ ൯ቁ ݁

൬ି ሶ
൰
ೇήഐή

(4.2)

The average internal convective heat transfer coefficient can be calculated using the
Nusselt number definition.
തതതത
ே௨
݄ത ൌ

(4.3)



The correlations to evaluate the average Nusselt number for a fully developed laminar
flow in a rectangular duct are the same as those presented in (3.22) and (3.23).
To include the thermal resistance of the wall and PCM material in the modelling, it is
possible to rewrite the equation with the total heat transfer coefficient (Utot).
ܴ௩ ൌ ͳȀ݄ത
ܴௗ ൌ 

(4.4)
ଵ

ೢೌశುಾ

ܷ௧௧ ൌ ோ

ଵ
 ାோೡ

(4.5)
(4.6)

This coefficient in Equation (4.6) has to be substituted by Equations (4.1) and (4.2) to ݄ത.
The total heat transfer can be calculated as follows:
ܳ ൌ ݉ሶܿ ሺܶ െ ܶ௨௧ ሻ
4.2

(4.7)

Mechanical analysis
As for the PVT collector it is necessary to take into account the power required to drive

the air through the PCM thermal store. The material in contact with the air in this case is
plastic, with a roughness ߝ [15]. Figure 9 shows the pressure-airflow curve. Following the
same methodology presented in Section 3.2, including the efficiency of the fan, the resulting
3rd order fit for the power consumption is of the same form:

ܲǡ௦ ൌ ߛெ ሶ ଷ

(4.8)

This relationship will be used later for system optimization. The pressure-airflow rate
curve of the PCM thermal energy storage unit implemented in the Solar Decathlon house is
presented in Figure 9.
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Figure 9: Pressure drop-airflow through the PCM thermal storage unit.

5.

Field Tests and Validation
In this section the results from both experiments and simulations are presented. The PVT

and PCM models were implemented in Matlab and the response of the two sided collector
was simulated. For some of these simulations, Sydney IWEC (International Weather for
Energy Calculations) weather data was used.
The models were then validated using the experimental data collected in both Datong,
China, during the Solar Decathlon China competition and later at the University of
Wollongong following the return of the Illawarra Flame House to Australia.

5.1 Experimental Facilities
The PVT tests were first carried out during August 2013 in Datong, China, and then in
Wollongong, Australia, from June 2014 onwards. The PVT collector, integrated with the

HVAC system of the house, was controlled and monitored through a Clipsal C-Bus Building
Management System. All the relevant parameters were monitored and logged using a JACE-6
controller at a one-minute sample rate.
The weather conditions, including ambient temperature, solar radiation and wind speed
and direction, were monitored using a Davis Vantage Pro II Weather station and integrated
through an RS232 connection to the C-Bus and JACE control units. Airflow was monitored
using Siemens QVM62.1 air velocity sensors, located one third of the duct diameter from the
duct centreline. These sensors had a stated accuracy of ±0.2 m/s + 3% of measured values.
Temperatures in the ductwork were measured using Clipsal C-Bus Digital Temperature
Sensor Units 5104DTSI with a stated accuracy of ±0.5°C in the temperature range of -10°C 80°C.
5.2

Validation of the PVT Thermal Model
The simulated PVT outlet air temperatures and the heat transfer rates under various air

flow rates as well as the ambient air temperature, based on the IWEC July weather data of
Sydney, are shown in Figure 10.
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Figure 10: Temperature difference and heat transfer from the PVT collector under
different air flow rates for July, Sydney, IWEC weather conditions.

It can be seen that an increase in the airflow rate in the PVT collectors led to a decrease in
the PVT outlet temperature and hence an increase in both the total heat transfer to the air and
the thermal efficiency of the system. Simulations were also performed for the summer
cooling case, where the sky temperature was calculated using (3.27). Using the Sydney
IWEC weather data and considering the cloudiness factor, the total cooling was calculated to
reach 1.5 kW when the airflow rate is 300 L/s.
The global horizontal radiation, ambient temperature, predicted PVT outlet temperatures
and measured PVT outlet temperatures in Wollongong, Australia, for June 2014 are shown in
Figure 11.
35

1000
Ta (˚C)

Tpvt Measured (˚C)

Tpvt Predicted (˚C)

Ghr (W/m2)

900

30
800

700

600
20
500
15
400

Radiation (W/m2)

Temperature (˚C)

25

300

10

200
5
100

0
17:06

16:46

16:26

16:06

15:46

15:26

15:06

14:46

14:26

14:06

13:46

13:26

13:06

12:46

12:26

12:06

11:46

11:26

11:06

10:46

10:26

9:46

10:06

9:26

9:06

8:46

8:26

8:06

7:46

7:26

7:06

0

Figure 11: Comparison of the predicted PVT air outlet temperatures with the
measured values (June 2014, Wollongong, Australia).

During these experimental tests the PVT airflow rate was maintained at 350 L/s. It can be
seen that a very good agreement between the predicted PVT outlet temperatures and
measured values was achieved. It is also seen that the experimental results lag the simulations

by short time, less than five minutes, since the quasi-steady state thermal model of the PVT
does not account for the relatively small thermal mass of the PVT collector.
A scatter plot of the predicted versus measured PVT outlet temperatures is shown in
Figure 12, which provides substantive evidence that the simulations matched experiments
with a linear regression coefficient b = 0.9911 and ܴ ଶ ௗ ൌ ͲǤͻͳʹʹ.
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Figure 12: A scatter plot of measured and predicted PVT air outlet temperature d ata
(June 2014, Wollongong, Australia).

This is considered to be a good result noting that the scatter in the data was in part due to
the non-controlled and transient environment and that the data acquisition system has a
course resolution on temperature due to the limitations of the residential building
management system employed. In addition, the assumed negligible PVT collector thermal
mass used in the thermal model also contributed somewhat to the scatter in the data.
The measured total electrical energy generated from the PVT roof, and that modelled as
generated from both the north and south elevations of the PVT collector (viz Figure 5, using
the published performance data of the CIGS solar panels and global insolation measured
during field tests, are compared in Figure 13.
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Figure 13: Predicted and measured PV electrical energy generation as a function of
time (experiments conducted at Datong, China, during August 2013).

A scatter plot of the predicted versus measured PVT electrical generation is shown in
Figure 14, with a linear regression coefficient b = 0.9947, intercept a=-137 and ܴ ଶ ௗ ൌ
ͲǤͺͻͲͶ. This indicates a relatively good agreement between the two sets of data, with the
model slightly over-predicting the electrical generation.
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Figure 14: A scatter plot of measured and predicted PVT electrical generation

The thermal efficiency, electrical efficiency and total efficiency of the PVT collector
under the experimental tests at Datong, during August 2013, are shown in Figure 15.
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Figure 15: PVT efficiency as measured during testing August 2013 at Datong, China
(η_th, η_el, η_tot are the PVT thermal, electrical and total efficiency, respectively).
It can be seen that the overall electrical efficiency of the PVT collector is relatively
constant (i.e. ~ 8.2%) and consistent with the expected efficiency, considering that the
published PV conversion efficiency was stated as 11.2% and the inverter efficiency taken to
be 95%. Even with a relatively low air flow (i.e. 160-170 L/s), the heat transfer to the air was
as high as 4.0 kW, equating to a thermal efficiency of around 9.0%. The effect of extracting
thermal energy from the PV panels was to increase the overall system efficiency to around
17%.
5.3 Experimental validation of the PCM thermal model
The results of simulations of the performance of the PCM thermal storage unit are shown
in Figure 16. The simulated air temperature profiles along the length of the PCM thermal

storage unit under various airflow rates are shown as a function of distance from the inlet. As
expected it was found that increasing the airflow rate led to higher heat transfer rates and
higher outlet air temperature.
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Figure 16: Modelled air temperature profile along the length of the PCM thermal storage unit
under different airflow rates.

Experimental tests on the PCM thermal storage unit were carried out on a laboratoryscale test rig at the University of Wollongong, which was essentially a replica of the Illawarra
Flame House PCM thermal store system with the same length of 3m, but with a reduced
number of channels. The total mass of FlatIce™ PCM in the lab-scale rig was 138kg, as
compared to 693 kg in the Solar Decathlon house per se. The same equipment was used to
measure and log the temperature and air flow data as that for the PVT tests described above,
and a sample rate of 15s was employed for the transient heating and cooling tests on the PCM
store.

The modelled and experimentally determined total UA values for the heat exchanger
under different flow rates are shown in Figure 17, where UA values for the experimental tests
were found by dividing the total heat exchange of the fluid by the log-mean temperature
difference (LMTD).
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Figure 17: Comparison between modelled UA values (line) and experimental results
(circles) of the laboratory-scale PCM thermal storage unit

6.

Optimisation of Operating Modes

6.1 PCM unit charging with PVT
The models developed can be used for the optimisation of the various operating modes.
For example the optimization of the PCM charging mode requires the control system to
choose an optimal airflow rate that can maximise the benefit in terms of the heat stored in the
PCM unit and how much energy is being used by the fan. In this study, a cost function as
expressed in Equation (6.1) is used to maximize the amount of heat stored, considering that
this would lead to certain electrical power consumption and an increase in the electrical
generation that has to be somehow related to the heat transfer.

ܥሺ݉ሶሻ ൌ ܲ௧ ሺ݉ሶሻ  ߙ ሺοܲǡ ሺ݉ሶሻ െ ܲǡ௦ ሺ݉ሶሻሻ

(6.1)

ܲ௧ ሺ݉ሶሻ ൌ ߩܸሶ ܿ ሺ்ܶ ሺ݉ሶሻ െ ܶெǡ ሺ݉ሶሻሻ

(6.2)

Where, ܸሶ is the flow rate of air flowing in the system, cp is the air specific heat capacity at
20˚C, ρ is the density, ܲ௧ is the heat transfer rate into the PCM thermal storage unit as
defined in Equation (3.2), οܲǡ is the increase in electrical generation due to the cooling of
the solar panels, οܲǡ௦ is the power consumption of the fan to move the air into the system,
Tpvt and Tpcm,o are respectively the PVT outlet temperature (which corresponds to the inlet
temperature of the PCM if the thermal losses in the ducting can be considered negligible), ߙ
is a weighting factor for the electrical energy to increase its importance relatively to the
thermal energy. The choice of this factor might be different from case to case, depending on
the design objectives.
The simulated heat transfer, increased electrical generation of the PV panels and the
electrical energy used by the fans are presented in Figure 18. This simulation was based on a
single-sided PVT system in a winter heating scenario with the ambient temperature of 18°C,
indoor temperature of 25˚C, wind speed of 1 m/s. The radiation level on the tilted surface was
750W/m2.
The heat transfer into the PCM unit can then be correlated to the electrical power
consumption of the fan and the increased electrical generation of the PV panels.
Discontinuities in Figure 18 due to the changes in the heat transfer coefficient calculation
between laminar flow and turbulent flow have been smoothed.
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Figure 18: Heat transfer, increased electrical generation and electrical power consumption.
It is then possible to obtain the cost function curves (Equation 6.1) and identify the
optimal airflow rate which corresponds to the maximum of the cost function under the
different weather conditions (Figure 19). The discontinuities in this case due to the changes in
the heat transfer coefficient calculation between laminar and turbulent flow have also been
smoothed.
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Figure 19: Evaluation of the cost function under different radiation levels.

6.2 Conditioning house with Direct PVT air supply
The optimisation of the Direct PVT supply mode is very similar to that of the
optimisation of the PCM charging mode, using the same cost function as presented in
Equation (6.1). The calculation of the heating generated for the house is calculated as
Equation (6.3).
ܲ௧ ሺ݉ሶሻ ൌ ߩܸሶ ܿ ሺܶ௩௧ ሺ݉ሶሻ െ ܶ௨௦ ሻ

(6.3)

Where, Thouse is the average temperature of the house.
6.3 Conditioning house with PCM Discharging air supply
Similar to the PCM charging mode, the performance of the PCM discharging mode is
highly dependent on the inlet temperature of the PCM thermal storage unit. In this operating
mode, the inlet temperature is a mixture of the return air from the house and the fresh air
from ambient. The ratio between the two air streams is dependent on the decisions taken at
the design stage. Since there is no electrical generation involved, the optimisation of this
working mode is to maximise the cost function below.
ܥሺ݉ሶሻ ൌ ܲ௧ ሺ݉ሶሻ െ ߙ ሺܲǡ௦ ሺ݉ሶሻሻ

(6.4)

Where ܲ௧ is the heat discharged from the PCM unit, defined as (6.5).
ܲ௧ ሺ݉ሶሻ ൌ ߩܸሶ ܿ ሺܶெǡ ሺ݉ሶሻ െ ܶெǡ ሺ݉ሶሻሻ

(6.5)

Where Tpcm,i is the inlet temperature of the PCM unit, which is a mixture of the return air
from the house and fresh air.

7.

Conclusions
This paper outlined a modelling methodology for the thermal, hydraulic and electrical

characteristics of a photovoltaic-thermal (PVT) system, and the thermal and hydraulic
behaviour of an integrate Phase Change Material (PCM) thermal storage unit. This
methodology is efficient and can be readily implemented in practice through the logic of an

off-the-shelf residential Building Management System. In particular, the analytical solutions
of the thermal models of the PVT and PCM systems guarantee the possibility of using these
models for operational optimization with minimal computational effort.
The experimental field work and laboratory tests using a full-scale Solar Decathlon house
and a laboratory-scale PCM thermal store test rig showed that this modelling methodology
can provide sufficient accuracy for control purposes, despite its elegant simplicity. A simple
optimisation methodology of the operating modes that involve these components is also
presented.
Future work will be focused on the utilization of these component models for system
optimization of the operation of the HVAC system incorporating a PVT collector, PCM
thermal store, and conventional heat pump and air handling unit.
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Nomenclature
ߙ ൌ net thermal absorbtivity
ߙ = a weighting factor for electrical and thermal energy
ܣ ൌ   [m2]
ߚ = surface slope [rad]
ܿ ൌ specific heat of air [J/kg K]
݀ ൌPVT duct depth [m]
ܦ ൌ   [m]
dnr = direct normal radiation [W/m2]

dhr = diffuse horizontal radiation [W/m2]
doy = day of the year
ߟ ൌ electrical efficiency of PV panels
߮ = latitude [rad]
ߛ = surface azimuth [rad]
ghr = global horizontal radiation [W/m2]
݄ത ൌ average convective heat transfer coefficient inside the duct [W/m2 K]
݄ത் ൌ average convective heat transfer coefficient of the bottom half inside the duct and PV
panel [W/m2 K]
݄ଵ ൌ radiative heat transfer coefficient duct -sky [W/m2 K]
݄ଶ ൌ radiative heat transfer coefficient duct top plate-bottom plate [W/m2 K]
ୡ୭୬୴ ൌ convective heat transfer coefficient between top of PV panels and air [W/m2 K]
 ݎܫൌ solar radiation on the tilted surface [W/m2]
݇ ൌ thermal conductivity of air [W/m K]
݈ ൌ duct length [m]
݉ሶ ൌ ϐ rate [kg/s]
ܰ ݑൌ 
ܲ ൌ  [m]
ܲ௧ ൌ heat transfer [W]
ܲǡ௦ ൌ fan electrical power consumption [W]
ܲǡ ൌ increased electrical power generation [W]
ߩ ൌ air density [kg/m3]
ܴ݁ ൌ 
ܴ ൌ R-value of PV panel, glue and steel frame [m2 K/W]
stn = solar time number

ܶ ൌ ambient temperature [˚C]
ܶெǡ ൌ PCM unit inlet air temperature [˚C]
ܶெǡ ൌ PCM unit outlet air temperature [˚C]
ܶ௦௬ ൌ sky temperature [˚C]
ܶ௦ ൌ indoor temperature [˚C]
ܶௗ ൌ dew point temperature [˚C]
ܶ௧ ൌ top plate temperature [˚C]
ܶ௧ ൌ bottom plate temperature [˚C]
்ܶ ൌ PVT outlet air temperature [˚C]
 ݑൌ  ϐ  [kJ/kg]
ܷ௧ ൌ U-value from lower inside surface of duct to inside building [W/m2 K]
ܷ௫௧ ൌ U-value from bottom surface of PV panels to ambient [W/m2 K]
ܸሶ ൌ volumetric flow rate [m3/s]
Vw= wind speed [m/s]
ߥ ൌ viscosity of air [m2/s]
 ݓൌ PVT duct width [m]
 ݔൌ   [m]
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